A recent study from our lab has revealed a link between morphine-mediated autophagy and synaptic impairment. The current study was aimed at investigating whether morphine-mediated activation of astrocytes involved the ER stress/autophagy axis. Our in vitro findings demonstrated upregulation of GFAP indicating astrocyte activation with a concomitant increase in the production of proinflammatory cytokines in morphine-exposed human astrocytes. Using both pharmacological and gene-silencing approaches, it was demonstrated that morphine-mediated defective autophagy involved upstream activation of ER stress with subsequent downstream astrocyte activation via the μ-opioid receptor (MOR). In vivo validation demonstrated preferential activation of ER stress/autophagy axis in the areas of the brain not associated with pain such as the basal ganglia, frontal cortex, occipital cortex, and the cerebellum of morphine-dependent rhesus macaques, and this correlated with increased astrocyte activation and neuroinflammation. Interventions aimed at blocking either the MOR or ER stress could thus likely be developed as promising therapeutic targets for abrogating morphine-mediated astrocytosis.
Introduction
Morphine is the most potent painkiller among all the opiates and is used extensively in the clinical settings [1] , because of its comfort giving properties including drowsiness, relief from anxiety, and euphoria [2] . With the increased morbidity associated with pain-related conditions such as cancer, morphine abuse has escalated worldwide and has become a serious global problem [3] . It has been reported that almost half of the accidental drug deaths can be attributable to morphine or heroin overdose [4] . Chronic exposure to morphine leads to increased complications such as addiction, tolerance, cognitive impairment, withdrawal, and severely compromised immune system with an increased risk of opportunistic infections [5] [6] [7] [8] [9] [10] [11] [12] . Additionally, morphine has also been shown to exert adverse effects such as increased apoptosis of brain endothelial cells [13, 14] , microglia [15] , and neurons [15, 16] , increased permeability of brain endothelial cells [13, 14] , increased migration of microglia [17] , decreased proliferation and enhanced differentiation of astrocytes [18] , as well as increased activation of astrocytes [17, [19] [20] [21] . Morphine exerts its effects via binding to the 7-transmembrane spanning G-protein coupled μ-opioid receptor (MOR). Following acute activation, the Gα and Gβγ subunits dissociate from each other and act on various intracellular effector pathways [22, 23] . Following Gα i dissociation from Gβγ, the Gα protein subunit interacts directly with the G-protein-gated inward rectifying potassium channel, K ir 3, leading to its deactivation [24] [25] [26] [27] . Opioid agonists have been shown to reduce Ca 2+ transients in synaptic vesicles and synaptosomes, with compensatory upregulation of vesicular Ca 2+ during the development of opiate tolerance [24, 25] . In addition, the activation of MORs has been shown to inhibit adenylyl cyclase (cAMP) activity, with a concomitant reduction of cAMPdependent Ca 2+ influx. Acute MOR activation thus leads to deactivation of cells. Intriguingly, following chronic morphine exposure, levels of cAMP are elevated. This elevation in cAMP is not due to opioid receptor uncoupling from the inhibitory Gproteins, however, likely reflects cellular adaptive changes including upregulation of adenylyl cyclase, protein kinase A, and the cAMP response element-binding protein [26] . This ineffective regulation of cAMP by morphine is believed to induce tolerance [27] [28] [29] [30] .
Astrocytes are the most abundant glial cells in the central nervous system (CNS) [31] and play critical roles in various CNS functions such as regulation of the blood-brain barrier (BBB) [32] , providing nutrients to the neurons [33] , maintaining extracellular ion balance [34] , and reuptake of glutamate [35] . Under pathological conditions or following exposure to diverse toxic stimuli such as drugs of abuse, astrocytes can get activated leading, in turn, to astrocytosis or astrogliosis [36] [37] [38] . More specifically, astrocytes play significant roles in potentiating the toxic effects of morphine, including the development of rewarding effects in the nucleus accumbens (NAc) and cingulate cortex [39] , glucocorticoid receptordependent transcriptome changes in the striatum [40] , hyperplasia, elongation of astrocyte processes in the NAc and lateral septal nucleus [41] , decreased branching of individual astrocytes in the caudate nucleus [41] , and reduced neurite outgrowth and synapse formation [42] . Acute morphine exposure of astrocytes has been reported to decrease DNA synthesis and increase differentiation, whereas chronic morphine exposure has been shown astrogliosis in vivo [17] [18] [19] [20] [21] . The mechanism(s) by which morphine activates astrocytes both in vitro and in vivo, however, remains poorly understood. A recent study from our group has demonstrated that in the hippocampus, morphine-mediated synaptic impairment involved the oxidative stress-endoplasmic reticulum (ER) stressautophagy axis [43] . Notably, exposure of rat hippocampal neurons to morphine resulted in activation of autophagy leading in turn, to reduced expression of excitatory synapses, and a concomitant increase in the expression of inhibitory synapses [43] .
Autophagy, a dynamic and multistep homeostatic process, plays a central role in both physiology and disease pathogenesis [44] and underlies cellular processes such as metabolism, growth control, homeostasis, as well as aging [45] . Emerging findings suggest a crosstalk between ER stress and autophagy [46] . Recent studies also indicate the interplay among ER stress, autophagy, and neurodegenerative disorders such as Alzheimer disease, Parkinson disease, and prion disease [47, 48] . Essentially, ER stress is regulated by three ER membraneembedded sensor proteins: inositol-requiring protein 1α (IRE1α), protein kinase R-like ER kinase (PERK), and activating transcription factor 6 (ATF6) that restore the ER homeostasis. Several studies have also implicated the regulatory role of PERK in ER stress-mediated autophagy [46, 49] . Drugs of abuse such as cocaine under various experimental conditions have been shown to mediate ER stress, which in turn, regulates the expression of different genes involved in autophagy [37, 50] . Morphine-mediated autophagy has also been reported in various cell types, such as bone marrowderived macrophages [51] , neuroblastoma cell line [52] , primary hippocampal neurons [43] , and microglia [53] . The specific role of morphine in the activation of astrocytes, possibly through ER stress-mediated autophagy, however, has not been studied.
In the present study, we thus hypothesized that morphine via the induction of ER stress and subsequent initiation of autophagy ultimately culminates into astrocyte activation. To validate this, we examined the expression profiles of ER stress and autophagy signaling pathway markers, intracellular autophagosome formation, measured autophagic flux through microtubule-associated protein 1 light chain 3 (LC3) turnover and p62 degradation, and the glial fibrillary acidic protein (GFAP) and proinflammatory cytokine expression levels in both human A172 astrocytoma cell line and human primary astrocytes (HPA) following exposure to morphine. The in vitro findings were further validated in the brains of morphine-dependent rhesus macaques. Our results underscore the association of ER stress-mediated initiation of autophagy with astrocytosis and neuroinflammation, in morphineexposed astrocytes. Furthermore, chronic morphine exposure of rhesus macaques also resulted in region-specific induction of ER stress-autophagy signaling that was associated with increased expression of GFAP and proinflammatory cytokines. Interventions aimed at blocking either the MOR or ER stress signaling could thus be developed as promising therapeutic targets for abrogating morphine-mediated astrocytosis.
into these monkeys. The control group of four other monkeys received an injection of saline for the same 12 weeks as the morphine injected groups three times per day. After 12 weeks of saline or morphine injection, the animals were sacrificed, and different brain regions were dissected namely the frontal cortex, parietal cortex, occipital cortex, brain stem, hippocampus, striatum, thalamus, and cerebellum for further experimentation. The homogenates of the brain regions were used for assessing the mRNA expression of the proinflammatory cytokines (TNF, IL1β, and IL6). Among the different brain areas, the frontal cortex, occipital cortex, brainstem, striatum, and cerebellum were used to determine the levels of ER stress and autophagic marker proteins, and GFAP immunostaining.
Cell Culture
The human astrocytoma cell line A172 (ATCC® CRL1620TM-American Type Culture Collection) was cultured in Dulbecco's modified Eagle's medium (DMEM; Corning Cellgro®, 10-013-CV) containing 10% heatinactivated fetal bovine serum (FBS; Atlanta Biologicals, S11050H) and penicillin-streptomycin (100 units/ml) (Life Technologies, 15140-122) in a 5% CO 2 -humidified incubator at 37°C, and the cells were used for up to 25 passages. HPA were obtained from ScienCell Research Laboratories (1800) and were cultured in astrocyte media with 2% FBS (ScienCell Research Laboratories, 0010), 1% astrocyte growth supplement (ScienCell Research Laboratories, 1852), and 1% penicillin-streptomycin solution (ScienCell Research Laboratories, 0503) in a 5% CO 2 -humidified incubator at 37°C. HPA were used up to 10 passages as per the manufacturer's protocol. The seeding densities of the HPA, as well as the A172 astrocytoma cell line, were the same. Both the cell types were serum starved for 3 h before exposure to morphine.
Small Interfering RNA (siRNA) Transfection
Human A172 astrocytoma cell line and HPA were seeded in 6-well plates (3 × 10 5 cells per well) and incubated overnight at 37°C in a humidified, 5% CO 2 incubator. Next day, cells were transfected with either human BECN1 siRNA (Santa Cruz Biotechnology, sc-29797) or human PERK siRNA (Santa Cruz Biotechnology, sc-36213) by using Lipofectamine® 2000 Reagent (Life Technologies, 11668-019) as per the manufacturer's instructions. In brief, 1 ml of culture medium was replaced with 1 ml of Opti-MEM® I Reduced Serum Medium (Life Technologies, 31985-070) at 70% confluence. Meanwhile, Lipofectamine® 2000 Reagent (1 μl/ml) and 120 pmol/ml of individually targeted siRNA were incubated separately with OptiMEM® I Reduced Serum Medium at room temperature for 5 min. Thereafter, the Lipofectamine® 2000 mix was added to the individually targeted siRNA mix and this mixture was incubated for 20 min at room temperature, and subsequently, this mixture was added to the cells. Similarly, the scrambled siRNA mixture was also prepared. Thereafter, the culture plate was gently shaken for 5 s and incubated for 24 h in a humidified, 5% CO 2 incubator at 37°C. Knockdown efficiencies were confirmed by western blotting.
Autophagosome-Lysosome Fusion Staining
Human A172 astrocytoma cell line and HPA were seeded in a 24-well plate containing sterile glass coverslips (11 mm) at a density of 5 × 10 4 cells per well at 37°C in a humidified, 5% CO 2 incubator for 24 h. The cells were transfected with the RFP-GFP-LC3 plasmid (ptfLC3; Addgene plasmid # 21074) [54] , using Lipofectamine® 2000 Reagent, according to the manufacturer's protocol, for 10 h following which the culture medium was replaced with the respective 10% heatinactivated FBS-DMEM and the astrocytes were then treated with different agents. Thereafter, the astrocytes were rinsed two times with phosphate-buffered saline (PBS; Hyclone Laboratories, SH3025801) and fixed with 4% paraformaldehyde in PBS for 15 min at room temperature, followed by three times rinse with PBS. Subsequently, the coverslips were mounted on glass slides with ProLong Gold Antifade Reagent with DAPI (Molecular Probes, P36935). Fluorescent images were taken on a Zeiss Observer using a Z1 inverted microscope (Carl Zeiss, Thornwood, NY, USA) and the acquired images were analyzed using the AxioVs 40 Version 4.8.0.0 software (Carl Zeiss MicroImaging GmbH).
LC3 Turnover and p62 Degradation Assay
Human A172 astrocytoma cell line was seeded in a 6-well plate at a density of 3 × 10 5 cells per well at 37°C in a humidified, 5% CO 2 incubator for 24 h. Next day, cells were treated with either 500 nM of morphine or left untreated (control). Four hours before harvesting, the cells were treated with bafilomycin A1 (BAF; 400 nM; in control and morphineexposed cells). These cells were processed further for western blot analysis of LC3 and p62.
Western Blotting
The treated/transfected astrocytes and brain tissues from rhesus macaques were washed once with PBS and lysed using the Mammalian Cell Lysis kit (Sigma-Aldrich, MCL1-1KT). Cell lysates were centrifuged at 12000 ×g for 10 min at 4°C; the protein content of the supernatant was quantified by a BCA assay using Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, 23227) according to the manufacturer's protocol. Equal amounts of soluble proteins were suspended in 5× Laemmli buffer and electrophoresed in a 10 or 15% sodium dodecyl sulfate-polyacrylamide gel and transferred onto a polyvinylidene fluoride membrane (Millipore, IPVH00010). After blocking of the membrane with 5% non-fat dry milk (in 1× TTBS buffer) for 1 h at room temperature, the membranes were incubated overnight with the primary antibodies at 4°C followed by incubation with secondary antibody the next day for 1 h at room temperature, and the immunoreactive protein signals were identified using Super Signal West Pico (Thermo Fisher Scientific, 34078) or Dura Chemiluminescent Substrate (Thermo Fisher Scientific, 34076). ImageJ (v1.4.3.67; NIH, Bethesda, MD) software was used for quantification [55] . Normalization was done with β-actin, an internal control, and the fold change was obtained.
Real-Time qPCR
Total RNA was isolated from the cultured human astrocytes and different regions of rhesus macaque brain tissues using Quick-RNA™ MicroPrep kit (Zymo Research Corporation, R1051) as per the manufacturer's protocol. One microgram of total RNA was used for the synthesis of complementary DNA as described previously [37] . The reverse transcribed RNA was analyzed with the 7500 Fast Real-Time PCR System (Applied Biosystems, Grand Island, NY) with the RT 2 SYBR Green Fluor qPCR Mastermix (Qiagen, 330510). The primer sequences, for human astrocytes are-TNF forward 5′-CAGCCTCTTCTCCTTCCTGAT-3′, TNF reverse 5′-GCCA GAGGGCTGATTAGAGA-3′, IL6 forward 5′-GATG AGTACAAAAGTCCTGATCCA-3′, IL6 reverse 5′-CTGC AGCCACTGGTTCTGT-3′, GAPDH forward 5′-TGCA CCACCAACTGCTTAGC-3′, GAPDH reverse 5′-ATGC CAGTGAGCTTCCCGTT-3′ and the primer sequences for macaques are-TNF forward 5′-CCTCTTCAAGGGCC AAGGCT-3′, TNF reverse 5′-GTCTGGTAGGAGAC GGCGAT-3′, IL1β forward 5′-TCAGCACCTCTCAA GCGGAA-3′, IL1β reverse 5′-AATTGCATGGTGAA GTCAGT-3′, IL6 forward 5′-GAAGCTGCAGGCAC AGAACC-3′, IL6 reverse 5′-CTGCAGCCACTGGT TCTGT-3′, GAPDH forward 5′-CAGGCTGGACTGCA GGAACT-3′, GAPDH reverse 5′-ATGACCTTGCCCAC AGCCTT-3′. Each reaction was carried out in triplicate, and six independent experiments were run. Normalization was done with GAPDH, an internal control, and the fold change in expression was obtained. The specificity of the qPCR was controlled using a non-template control.
ELISA
HPA (3 × 10 5 cells per well) were seeded onto 6-well plates and incubated overnight at 37°C in a humidified, 5% CO 2 incubator. Next day, after 3 h of serum starvation, cells were treated with 500 nM of morphine, and cell lysates as well as cell supernatants were collected following 3, 6, 12, 24, and 48 h of treatment and assessed for the detection of IL6 by ELISA using a human IL6 ELISA kit (Abcam; ab46027) according to the manufacturer's instructions.
Immunocytochemistry
Cells were seeded on the cover slips (11 mm) in a 24-well plate at a density of 5 × 10 4 cells per well at 37°C in a humidified, 5% CO 2 incubator for 24 h. Serum-starved astrocytes were exposed with morphine (500 nM) for 24 h. The astrocytes were next rinsed with 1× PBS and fixed with 4% paraformaldehyde in PBS for 20 min at room temperature, followed by permeabilization with 0.3% Triton X-100 (Fisher Scientific, BP151-500) in PBS and blocking in bovine serum albumin for 1 h at room temperature. Next, the cells were incubated overnight with appropriate primary antibody (1:200) at 4°C followed by incubation with secondary antibody Alexa Fluor 594 conjugated goat anti-rabbit IgG (H + L) for 2 h to detect the expression of the indicated protein. Thereafter, the coverslips were mounted on glass slides with ProLong Gold Antifade Reagent with DAPI (Molecular Probes, P36935). Fluorescence images were captured on a Zeiss Observer using a Z1 inverted microscope (Carl Zeiss, Thornwood, NY, USA), and the acquired images were analyzed using the AxioVs 40 Version 4.8.0.0 software (Carl Zeiss MicroImaging GmbH). Quantification was performed by ImageJ Launcher software.
Immunohistochemistry
Formalin-fixed paraffin-embedded tissue sections of different brain regions of saline-administered and morphine-dependent rhesus macaques (each group n = 4) were deparaffinized and rehydrated using a decreasing percentage of ethanol. Antigen retrieval was performed by boiling the slides in 0.01-M Tris-EDTA buffer, pH 9, for 20 min followed by incubation with 10% goat serum in PBS for 1 h at room temperature. Brain sections (5 μm) were incubated with GFAP primary antibody overnight at 4°C. Secondary Alexa Fluor Alexa Fluor 488 goat anti-mouse was added for 2 h, followed by mounting with DAPI. Fluorescent images were acquired with a Zeiss Observer A Z1 inverted microscope; images were processed using AxioVs 40 Version 4.8.0.0 software. Densitometric scanning for GFAP staining was performed by ImageJ software.
Statistical Analysis
The data are represented as mean ± SEM. Non-parametric Kruskal-Wallis one-way ANOVA followed by Dunn's post hoc test was employed to compare the multiple experimental groups, and Wilcoxon matched-pairs signed rank test was used to compare between two groups using the GraphPad Prism software (Version 5). For the rhesus macaque study, Student's t test was used for comparing between two groups using the GraphPad Prism software (Version 5). Statistical analysis where probability levels were less than 0.05 were considered statistically significant.
Results

Morphine Activates Astrocytes and Increases the Expression of Proinflammatory Cytokines in Human Astrocytes
We initially sought to determine whether exposure of both the human A172 astrocytoma cell line, a transformed cell line, as well as HPA, to morphine, could lead to astrocyte activation. Since astrocyte activation primarily depends on the concentration and exposure time of the stimulus, it was important first to ascertain the dose and time of morphine exposure leading to increased astrocyte activation. Cells were exposed to morphine at varying concentrations such as 0.125, 0.25, 0.5, 1, and 10 μM for 24 h for assessing the expression of GFAP by western blotting. As shown in Fig. 1A and B, morphine dosedependently (0.25 to 10 μM) increased the expression of GFAP in both human A172 astrocytoma cell line as well as HPA with a maximal expression at 500 nM. A concentration of 500-nM morphine was thus chosen for subsequent experiments. This concentration of morphine was in keeping with the physiological levels of morphine found in the postmortem brain tissues of narcotic overdose individuals (200 ng/g of brain tissue) [56] . Next, we sought to determine the optimal time of morphine-mediated induction of GFAP expression in human astrocytes exposed to morphine. Cells were exposed to morphine (500 nM) for the indicated time periods, such as 0, 3, 6, 12, 24, and 48 h, and assessed for the expression of GFAP. As shown in Fig. 1 C and D, morphine timedependently induced the expression of GFAP both in human A172 astrocytoma cell line (maximum expression at 24 h) and in HPA (maximum expression at 12 h). From the dose-and time-course studies, we determined 500-nM morphine as an optimal dose for both human A172 astrocytoma cell line and HPA, 24 h as an optimal time for human A172 astrocytoma cell line, and 12 h as an optimal time for HPA. Next, we wanted to examine the expression of GFAP in both human A172 astrocytoma and HPA exposed to 500-nM morphine for the indicated times by immunostaining. As shown in Fig. 1E to H and as expected, morphine exposure notably induced the GFAP expression both in A172 astrocytoma cell line and HPA. Having confirmed that morphine-mediated astrocytosis, we next sought to examine the morphine-mediated production of proinflammatory cytokines in astrocytes. As shown in Fig. 1I and J, morphine-exposed human A172 astrocytoma cell line and HPA significantly (P < 0.05) increased the mRNA expression of proinflammatory cytokines, such as TNF and IL6 in a time-dependent manner. Validation of these findings was also done by assessing protein levels of IL6 in both cell lysates and culture supernatants collected from morphine-exposed astrocytes. As shown in Supplementary  Fig. 1A and B, morphine exposure resulted in a significant time-dependent increase of IL6 levels, thereby underscoring morphine-mediated activation of astrocytes.
Morphine Induces ER Stress and Autophagy in Human Astrocytes
Several studies underscore the role of ER stress/autophagy axis in astrogliosis and neuroinflammation [37, 57, 58] . Morphine has also been shown to induce autophagy both in microglia and in neuroblastoma cell line [52, 53] . Similarly, we next examined whether exposure of the human A172 cell line and HPA to morphine induces autophagy markers, such as BECN1, LC3-II, and p62. As shown in Fig. 2A to F, morphine exposure resulted in the initiation of autophagy as indicated by increased expression of autophagy markers such as BECN1 ( Fig. 2A and B) and LC3-II ( Fig. 2C and D) . Intriguingly, morphine exposure also resulted in increased expression of p62 ( Fig. 2E and F) , indicating thereby defective autophagy in both human A172 astrocytoma and HPA. Importantly, as shown in Fig. 2E and F, it was also shown that the expression levels of p62, a marker for autophagy flux, were time-dependently increased following morphine exposure in both human A172 astrocytoma cell line and HPA, thereby indicating a defective autophagic flux. Morphinemediated initiation of autophagy was further validated by immunocytochemistry which demonstrated an increased staining for LC3 puncta in morphine-exposed cells, thereby confirming the initiation of autophagy and formation of autophagosome in the presence of morphine ( Fig. 2G to J). Based on the fact that ER stress can induce autophagy, we next sought to assess the expression levels of the ER stress marker, binding Ig protein (BiP), an ER chaperone that is central to proper ER functioning, in morphine-exposed human A172 astrocytoma cell line and HPA. As shown in Fig. 2K and L, morphine time-dependently increased the protein expression levels of BiP in both human A172 astrocytoma cell line and HPA thereby confirming the morphine-mediated induction of ER stress in these cells.
Morphine Decreases the Autophagic Flux in Human Astrocytes
Since morphine induces autophagosome formation in both the human A172 astrocytoma cell line and HPA, we next sought to determine whether the accumulation of autophagosomes was due to increased upstream activation of autophagy or rather, due to a blockade of autophagosome-lysosomal fusion. To determine this, we next measured the autophagic flux using the LC3 turnover assay and p62 degradation assay in astrocytes treated with morphine. p62 is a ubiquitin-binding adaptor protein that is selectively integrated into the phagophores by directly binding to the LC3 protein, which aids in the turnover of ubiquitinated proteins while itself getting degraded by autophagy. Increased accumulation of p62 protein is thus an indicator of autophagic flux inhibition inside the cell. Human A172 astrocytoma cell line was exposed to 500-nM morphine followed by treatment of cells with BAF-an inhibitor of autophagosome-lysosome fusion that was added at a saturating concentration of 400 nM during the last 4 h prior to cell harvesting. The cells were then assessed for the accumulation of LC3-II and p62 proteins. As shown in Fig. 3A and B, exposure of human A172 astrocytoma cell line to 500-nM Representative western blots showing time-dependent upregulation of GFAP in human A172 astrocytoma cell line (c) and HPA (d) exposed to 500-nM morphine for the indicated time points. e and f Representative immunocytochemistry images confirming the upregulation of GFAP in human A172 astrocytoma cell line (e) and HPA (f) exposed to morphine (500 nM). Scale bar 50 μM. g and h Quantitative analysis of GFAP expression in human A172 astrocytoma cell line (g) and HPA (h) by densitometric scanning using ImageJ software. i and j qPCR analysis showing the time-dependent upregulation of proinflammatory cytokines, such as TNF and IL6 in human A172 astrocytoma cell line (i) and HPA (j) exposed to 500-nM morphine. β-Actin was used as a loading control for western blot and GAPDH for mRNA expression of cytokines. Data are presented as mean ± SEM; n = 6. Non-parametric Kruskal-Wallis oneway ANOVA followed by Dunn's post hoc test was used to determine the statistical significance between multiple groups and Wilcoxon matched-pairs signed rank test was used to compare between two groups: *, P < 0.05 vs. control morphine followed by treatment with BAF significantly increased the accumulation of LC3-II/p62 proteins compared with control cells. Interestingly, similar to BAF-treated astrocytes, there was also an increased accumulation of LC3-II/ p62 in human A172 astrocytoma cell line treated with morphine alone, likely underscoring morphine-mediated decrease of the autophagic flux. We next wanted to validate morphine-mediated inhibition of autophagic flux in human A172 astrocytoma cell line and HPA using the tandem fluorescent-tagged LC3 reporter plasmid transfection. Cells transfected with tandem fluorescenttagged LC3 plasmid, having normal autophagosome formation express both RFP (red) and GFP (green) tagged LC3, but upon fusion with the lysosome (due to the acidic pH), the GFP degrades, and predominantly RFP is expressed (Fig. 3C ). Cells were transfected with a tandem fluorescent-tagged LC3 plasmid, followed by exposure of cells to either 500-nM morphine or BAF (400 nM) or 10-nM rapamycin, and exposed to morphine (500 nM). Scale bar 50 μM. i and j Quantitative analysis of LC3 puncta formation in human A172 astrocytoma cell line (i) and HPA (j) exposed to morphine (500 nM). k and l Representative western blots showing time-dependent upregulation of BiP in human A172 astrocytoma cell line (k) and HPA (l) exposed to morphine (500 nM) for indicated time points. β-Actin was used as a loading control for all experiments. Data are presented as mean ± SEM; n = 6. Nonparametric Kruskal-Wallis one-way ANOVA followed by Dunn's post hoc test was used to determine the statistical significance between multiple groups and Wilcoxon matched-pairs signed rank test was used to compare between two groups: *, P < 0.05 vs. control subsequently assessed for the presence of red and green fluorescent LC3 puncta by immunofluorescence imaging.
Compared to the control astrocytes, morphine exposure significantly increased the formation of red and green LC3 (Fig. 3D to F) and HPA ( Fig. 3G and I) . Treatment of astrocytes with BAF resulted in the formation of yellow puncta, which was comparable to the morphine alone group in both cell types. On the other hand, rapamycin (an autophagy inducer)-treated astrocytes demonstrated significantly increased red puncta, indicating efficient fusion of autophagosomes with the lysosomes.
Morphine-Mediated Autophagy Involves Upstream Activation of ER Stress in Human Astrocytes
We next sought to determine if a link existed between autophagy and the upstream activation of ER stress. Herein, cells were pretreated with either wortmannin (100 nM), a pharmacological inhibitor of autophagy (inhibitor of the PI3K signaling), for 1 h or transfected with BECN1 siRNA (gene silencing) followed by exposure to 500-nM morphine and assessed for expression of BECN1, LC3-II, and p62. As expected, pretreatment of human A172 astrocytoma cell line with wortmannin significantly inhibited the expression of autophagy markers (BECN1- Fig. 4A and LC3-II-Fig. 4B ) with no change in p62 levels (Fig. 4C) , and this was accompanied by abrogation of morphine-mediated induction of GFAP (Fig. 4D ) and mRNA expression of proinflammatory cytokines such as TNF and IL6 (Fig. 4E) . Interestingly, however, pretreatment with wortmannin had no effect on the expression of ER stress sensor protein-BiP, indicating thereby that the ER stress response was upstream of autophagy in morphinetreated human A172 astrocytoma cell line (Fig. 4F ).
These findings were further validated using the gene silencing approach (BECN1 siRNA transfection). Both the human A172 astrocytoma cell line and HPA were transfected with either BECN1 siRNA or scrambled siRNA, followed by exposure to 500-nM morphine and assessed for expression of autophagy and ER stress markers by western blotting. As expected, in BECN1 siRNA-transfected human A172 astrocytoma cell line, morphine failed to induce autophagy, as evidenced by the decreased expression levels of BECN1 (Fig. 4G) , LC3-II (Fig. 4H), and p62 (Fig. 4I ) compared with scrambled siRNA-transfected astrocytes. Conversely, the protein levels of ER stress sensor protein-BiP remained significantly higher in BECN1 siRNAtransfected human A172 astrocytoma cell line exposed to morphine compared with the scrambled siRNAtransfected cells without any treatment (Fig. 4J) . On the other hand, and as expected, morphine failed to induce the expression of downstream GFAP protein (Fig. 4K ) and mRNA expression of proinflammatory cytokines (Fig. 4L ) in BECN1 siRNA-transfected cells compared to scrambled siRNA-transfected cells. Also, as expected, a similar trend was found in BECN1 siRNAtransfected HPA exposed to morphine compared to scrambled siRNA-transfected cells exposed to morphine (Fig. 4M to R) .
Based on our findings that morphine exposure resulted in upstream ER stress activation leading to initiation of autophagy, we next wanted to investigate the effect of blocking ER stress on both ER stress and autophagy markers in morphine-treated human astrocytes. Human A172 astrocytoma cell line was pretreated with 50-μM 4-PBA for 1 h (a chaperonelike ER stress inhibitor, which binds with the hydrophobic domain of misfolded proteins thereby blocking their aggregation [59] ), followed by exposure to morphine (500 nM) and assessed for the expression of ER stress marker (BiP), autophagy markers (BECN1, LC3-II, and p62), astrocyte activation marker (GFAP), and mRNA expression of proinflammatory cytokines (TNF and IL6). Interestingly, morphine failed to induce the expression of BiP (Fig. 5A) as well as the autophagy markers, such as BECN1 (Fig. 5B) , LC3-II (Fig. 5C ), and p62 (Fig. 5D ) in human A172 astrocytoma cell line pretreated with the ER stress inhibitor, 4-PBA. In parallel, morphine also failed to induce the expression of GFAP (Fig. 5E ) and proinflammatory cytokines (Fig. 5F ) in cells pretreated with 4-PBA.
These findings were next validated using a gene silencing approach, i.e., transfection of cells with PERK siRNA. The rationale for silencing PERK gene is that ER stress-mediated by PERK signaling arm sequentially phosphorylates the eIF2α, which subsequently results in 
Data are presented as mean ± SEM; n = 6. Non-parametric Kruskal-Wallis one-way ANOVA followed by Dunn's post hoc test was used to determine the statistical significance between multiple groups and Wilcoxon test was used to compare between two groups: *, P < 0.05 vs control; #, P < 0.05 vs. morphine astrocytoma cell line transfected with BECN1 and scrambled siRNAs followed by 500 nM morphine for 24 h. m-q Representative western blots showing protein levels of BECN1 (m), LC3-II (n), p62 (o), BiP (p), and GFAP (q) in HPA transfected with BECN1 and scrambled siRNAs followed by 500-nM morphine for 12 h. r qPCR showing the relative expression of proinflammatory cytokines such as TNF and IL6 mRNA in HPA transfected with BECN1 and scrambled siRNAs followed by 500-nM morphine for 12 h. β-Actin was used as a loading control for western blot and GAPDH for mRNA expression of cytokines. Data are presented as mean ± SEM; n = 6. Non-parametric Kruskal-Wallis oneway ANOVA followed by Dunn's post hoc test was used to determine the statistical significance between multiple groups: *, P < 0.05 vs. control; #, P < 0.05 vs. morphine repression of global protein synthesis, thereby preventing the unfolded protein load in the ER [60] . Herein, both the human A172 astrocytoma cell line and HPA were transfected with either PERK or scrambled siRNAs followed by exposure to morphine (500 nM) and assessed for expression of PERK and BiP, autophagy markers (BECN1, LC3-II, and p62), and the astrocyte activation marker (GFAP) by western 
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B E C N 1 R e la tiv e fo ld c h a n g e A172 astrocytoma cell line transfected with PERK and scrambled siRNAs followed by 500-nM morphine for 24 h. n-t Representative western blots showing the protein levels of PERK (n), BiP (o), BECN1 (p), LC3-II (q), p62 (r), and GFAP (s) in HPA transfected with PERK siRNA and scrambled siRNA followed by 500-nM morphine for 12 h. t qPCR showing the relative expression of proinflammatory cytokines such as TNF and IL6 mRNA in HPA transfected with PERK siRNA and scrambled siRNA followed by 500-nM morphine for 12 h. β-Actin was used as a loading control for western blot and GAPDH for mRNA expression of cytokines. Data are presented as mean ± SEM; n = 6. Nonparametric Kruskal-Wallis one-way ANOVA followed by Dunn's post hoc test was used to determine the statistical significance between multiple groups: *, P < 0.05 vs. control; #, P < 0.05 vs. morphine blotting and also assessed for mRNA expression of proinflammatory cytokines (TNF and IL6) by qPCR. As expected in PERK siRNA transfected human A172 astrocytoma cell line, morphine exposure failed to induce the ER stress markers (PERK- Fig. 5G and BiP- Fig. 5H ), autophagy markers, such as BECN1 (Fig. 5I ), LC3-II (Fig. 5J) , and p62 (Fig. 5K) , astrocyte activation marker, GFAP (Fig. 5L) , as well as mRNA expression of proinflammatory cytokines, such as TNF and IL6 (Fig. 5M) . Intriguingly, we found a similar trend in PERK siRNA-transfected HPA exposed to 500-nM morphine ( Fig. 5N and T) . Overall, these data provided evidence that in human astrocytes exposed to morphine, activation of ER stress was upstream of autophagy.
Morphine-Mediated Defective Autophagy Involves μ-Opioid Receptor in Astrocytes
Next, we sought to explore whether in astrocytes morphinemediated defective autophagy involved MOR. To confirm this, astrocytes were pretreated with MOR antagonist naltrexone (100 μM) for 1 h prior to morphine exposure and assessed for the expression of markers for ER stress, autophagy, GFAP, and proinflammatory cytokines. Pretreatment of human A172 astrocytoma cell line with 100-μM naltrexone (for 1 h) followed by 500-nM morphine treatment resulted in statistically significant (P < 0.05) decrease in the expression of ER stress markers such as BiP (Fig. 6A) , autophagy markers such as BECN1 (Fig. 6B ), LC3-II (Fig. 6C) , astrocyte activation marker, GFAP (Fig. 6D) , and mRNA expression of proinflammatory cytokines such as TNF and IL6 (Fig. 6E) compared to the astrocytes exposed to morphine alone. Similar results were obtained in HPA pretreated with 100-μM naltrexone for 1 h followed by 500-nM morphine exposure for another 24 h (Fig. 6F to J) . Taken together, these results demonstrated evidence for the upstream involvement of MOR in morphine-mediated defective autophagy, leading in turn, to astrocyte activation and production of proinflammatory cytokines.
Morphine-Dependent Rhesus Macaques Exert Brain Region-Specific Upregulation of Proinflammatory Cytokines
To validate our in vitro findings in vivo, we next sought to determine the region-specific expression of proinflammatory cytokines in the archived brain tissues, of morphine-dependent rhesus macaques. As expected, in the archived brain tissues of chronically administered morphine, there was significantly (P < 0.05) increased mRNA expression of proinflammatory cytokines (TNF, IL1β, and IL6) in the frontal cortex (Fig. 7A) , occipital cortex (Fig. 7B ), basal ganglia (Fig. 7C) , and the cerebellum (Fig. 7D) . In contrast, the mRNA expression of these proinflammatory cytokines was significantly (P < 0.05) decreased in regions such as the parietal cortex (Fig. 7E) , hippocampus (Fig. 7F) , and brainstem (Fig. 7G) . The thalamus (Fig. 7H) showed no change in mRNA expression of the proinflammatory cytokines in the two groups of macaques. These findings thus demonstrated brain region-specific upregulation of proinflammatory cytokines in morphine-dependent rhesus macaques compared with the saline-administered controls.
Morphine-Dependent Rhesus Macaques Exhibit Brain Region-Specific Activation of Astrocytes
Next, we wanted to correlate the astrocyte activation status in the different brain regions of morphine-dependent macaques that exhibited changes in mRNA expression of proinflammatory cytokines (TNF, IL1β, and IL6) and compare this with the saline-administered rhesus macaques. Interestingly, expression of the astrocyte activation marker, GFAP, correlated with the same regions that demonstrated increased expression of proinflammatory cytokines (frontal cortex- Fig. 8A , occipital cortex- Fig. 8B , basal ganglia- Fig. 8C , the granular cell layer- Fig. 8D ), as well as the cerebellar white matter- Fig. 8E ) of morphine-dependent rhesus macaques compared with the saline-administered group. The expression of GFAP in the brain stem of morphine-dependent rhesus macaques, however, was significantly decreased compared with that of the saline-administered group (Fig. 8F) . Figure 8G demonstrates the quantification of GFAP expression in all the brain regions.
Morphine-Dependent Rhesus Macaques Exert Brain Region-Specific Activation of Astrocytes Through ER Stress and Defective Autophagy
Based on the in vitro findings demonstrating the role of the ER stress-autophagy signaling axis in morphine-mediated induction of astrocyte activation and generation of proinflammatory cytokines, we next sought to assess the expression of ER stress and autophagy marker proteins in the frontal cortex, occipital cortex, basal ganglia, cerebellum, and the brain stem of morphine-dependent and saline-administered rhesus macaques. Interestingly, and as expected, morphine-dependent rhesus macaques exhibited significantly increased expression of ER stress sensor protein, BiP (Fig. 9A) , and autophagy markers, BECN1 (Fig. 9B ), LC3-II (Fig. 9C) , and p62 (Fig. 9D ) in the frontal cortex compared with salineadministered rhesus macaques. Similarly, in the occipital cortex BiP (Fig. 9E) , BECN1 (Fig. 9F ), LC3-II (Fig. 9G) , and p62 (Fig. 9H ), expressions were significantly increased (P < 0.05) in morphine-dependent compared with saline controls. In the cerebellum also, morphine-dependent animals exhibited significantly (P < 0.05) increased expression of BiP (Fig. 9I ) and the autophagy markers, BECN1 (Fig. 9J ) and LC3-II (Fig. 9K) ; expression of p62 (Fig. 9L) , however, remained unchanged compared with saline controls. On the other hand, in the basal ganglia, expression of ER stress marker BiP (Fig. 9M ) was significantly increased, while the expression of autophagy markers, BECN1 (Fig. 9N ), LC3-II (Fig. 9O) , and p62 (Fig. 9P ) remained unchanged in morphine-dependent rhesus macaques compared with saline controls. Intriguingly, in the brainstem of morphinedependent macaques, expression of BiP (Fig. 9Q ) remained unchanged, while the expression of autophagy markers, BECN1 (Fig. 9R ), LC3-II (Fig. 9S) , and p62 (Fig. 9T) , was downregulated compared with saline controls. Taken together, these results showed brain region-specific activation of ER stress and defective autophagy signaling in morphine-dependent rhesus macaques compared with the saline-administered group. Further, these data are in line with the in vitro findings and thus underscore the role of ER stress-mediated defective autophagy in morphine-induced astrocytosis.
Discussion
Morphine is the most commonly used painkiller in the clinical setting [1] . Chronic use of morphine, however, leads to various ill effects including drug tolerance, addiction, and cognitive impairment [9] . Several studies have implicated the role of morphine in inducing neuronal injury and apoptosis [16, 43] , impairing microglial chemotaxis [15] and inducing microglial activation [61] . The effects of morphine on , and GFAP (d) in human A172 astrocytoma cell line pretreated with 100 μM naltrexone for 1 h followed by 500-nM morphine exposure for 24 h. e qPCR showing the relative expression of proinflammatory cytokines such as TNF and IL6 mRNA in human A172 astrocytoma cell line pretreated with 100-μM naltrexone for 1 h followed by 500-nM morphine exposure for 24 h. f-j Representative western blots showing the protein levels of BiP (f), BECN1 (g), LC3-II (h), and GFAP (i) in HPA pretreated with 100-μM naltrexone for 1 h followed by 500-nM morphine for 12 h. j qPCR showing the relative expression of proinflammatory cytokines such as TNF and IL6 mRNA in HPA pretreated with 100-μM naltrexone for 1 h followed by 500-nM morphine for 12 h. β-Actin was used as a loading control for western blot and GAPDH for mRNA expression of cytokines. Data are presented as mean ± SEM; n = 4. Non-parametric Kruskal-Wallis one-way ANOVA followed by Dunn's post hoc test was used to determine the statistical significance between multiple groups: *, P < 0.05 vs. control; #, P < 0.05 vs. morphine astrocytes, especially in the context of ER stress-mediated defective autophagy, however, have not been reported. In the present study, we demonstrated that in astrocytes, morphinemediated induction of GFAP expression involved the ER stress-mediated defective autophagy axis, subsequently leading to the generation of proinflammatory cytokines. Consistent with our results, morphine exposure resulted in increased astrocyte activation with upregulation of GFAP expression. Similar upregulation of GFAP has also been observed in neuropathic pain [20] , during morphine tolerance [21] , and in HIV-1 infection of the CNS [62] . Morphine exposure of human astrocytes also increased the expression levels of proinflammatory cytokines (TNF and IL6). Interestingly, morphine has also been shown to induce neuroinflammation in the brain endothelial cells through activation of Toll-like receptor 4 (TLR4) signaling [63] . Morphine has been shown to induce autophagy in the neuroblastoma cell line [52] , in bone marrow-derived macrophages [64] , and in the mice hippocampus [2, 43, 52, 65] . Our previous studies have also shown that morphine exposure resulted in synaptic injury in the hippocampal neurons and that this was mediated via the ER stress-autophagy axis [43] . The present study demonstrates that in astrocytes, morphine exposure results in initiation of autophagy as well as autophagosome formation. Additionally, we found that defective autophagy was primarily mediated by incomplete fusion of autophagosomes with the lysosome. This was evidenced by the increased formation of yellow puncta in morphineexposed human astrocytes, and these findings were in line with that observed in BAF-treated astrocytes, thereby confirming morphine-mediated defective fusion of autophagosomes with lysosomes. These results were further confirmed using the LC3 turnover assay and p62 degradation assay in astrocytes. In support of our findings, similar findings have also been shown in other cell types by other groups. For example, in bone marrow-derived macrophages, morphine exposure increased lipopolysaccharide-mediated autophagy but inhibited autophagosome formation thereby leading to decreased bacterial clearance and increased bacterial load through TLR4 signaling [64] . It has also been reported that exposure of human pulmonary microvascular endothelial cells to both the HIV-1 Tat protein and morphine resulted in an oxidative stress-dependent increased expression of autophagy markers and increased generation of autophagosomes compared to cells exposed to either agent alone. Intriguingly, treatment of these cells with morphine alone or in combination with HIV-1 Tat inhibited the fusion of autophagosome with the lysosomes [66] . Induction of autophagy by morphine is cell-type specific. For example, there are reports that morphine exposure to either microglia or neurons failed to induce autophagy [53, 67] . It has been shown from several studies that defective autophagy could play a role in the generation of proinflammatory cytokines. For example, studies have shown that macrophages isolated from Atg16l1 knockout mice produced more IL-1β following stimulation with lipopolysaccharide, an effect mediated by excessive activation of caspase-1 via the adapter molecule, Toll-like receptor adaptor molecule 1 [68] . It has also been shown that induction of autophagy can lead to inactivation of nuclear factor-κB (NF-κB) via selective degradation of BCL10 complexes [69] . Reciprocally then, defective autophagy leading to increased activation of NF-κB could result in increased inflammation. Defects in autophagy have been found by genetic association studies to confer susceptibility to several autoimmune and inflammatory disorders, particularly inflammatory bowel disease [70] . A possible explanation for the block in fusion of autophagosome with the lysosomes could be attributed to either the loss of lysosomal acidification and/or loss of lysosomal proteases, thereby leading to accumulation of autophagosomes inside the cells [71] [72] [73] . In our study, we found increased accumulation of autophagosomes that was accompanied by defective lysosomal fusion, in astrocytes exposed to morphine. Emerging data suggest a possible interplay between ER stress and the induction of autophagy [46] . Additionally, several studies have demonstrated that initiation of autophagy acts as a survival mechanism in cells exposed to ER stress and that the survival response is specifically induced to trigger the initiation of autophagosome formation [49, [74] [75] [76] . It has also been reported that the eIF2α/ATF4 pathway plays a key role in regulation of autophagy via the induction of Atg12 expression [76, 77] . Under ER stress conditions, PERK-one of the regulators of ER stress regulates autophagy genes by increasing the transcription of a set of genes implicated in the formation, elongation, and function of the autophagosome [76] . An additional mechanism that regulates ER stress-mediated autophagy is via ER stress-mediated release of Ca 2+ into the cytosol, which, in turn, leads to activation of various kinases and proteases involved in autophagy signaling [76, 78, 79] . Recent reports, however, suggest the regulatory role of PERKmediated ER stress marker and the activation of autophagy in different CNS cells such as the neurons [46, 49, 80] , microglia [50, 81] , and astrocytes [37, 57] . Accordingly, the present study also showed that morphine-mediated autophagy was mediated by upregulation of PERK and was validated using both the pharmacological inhibitors as well as the gene silencing approach. More specifically, the pharmacological inhibitors of autophagy signaling, such as wortmannin and the genetic approach involving transfection of astrocytes with BECN1 siRNA followed by morphine exposure resulted in inhibition of morphine-mediated autophagy, astrocyte activation, and induction of proinflammatory cytokines with no effect on the expression of ER stress markers. Intriguingly, pretreatment of A172 astrocytes with the ER stress inhibitor, 4-PBA, or transfection of human astrocytes with PERK siRNA resulted in inhibition of morphine-induced ER stress, autophagy, astrocyte activation, as well as expression of proinflammatory cytokines, thereby confirming that ER stress markers lie upstream of autophagy. The present findings are in agreement with our previous report demonstrating that morphineinduced ER stress/autophagy axis was critical for synaptic impairment in hippocampal neurons [43] . Taken together, our in vitro data showed that morphine induces ER stressmediated defective autophagy which, in turn, leads to astrocyte activation and secretion of proinflammatory cytokines (Fig. 10) . The role of morphine-mediated activation of ER stress has been reported previously in the in vivo morphine tolerance [82, 83] .
We further validated the cell culture findings in the archival brain tissues from morphine-dependent rhesus macaques. In the in vivo study, we observed differential effects that were Fig. 10 Schematic diagram showing morphine-mediated activation of astrocytes and secretion of proinflammatory cytokines via MOR-mediated ER stress and defective autophagy. Morphine binds to the MOR in the astrocytes and activates the ER stress. ER stress then induces autophagosome formation but impedes the fusion of autophagosome with the lysosomes leading to defective autophagy. Defective autophagy, in turn, leads to astrocyte activation and proinflammatory cytokines secretion region-specific in the brains of morphine-dependent macaques. Chronic administration of morphine (for up to 12 weeks) to the rhesus macaques resulted in increased expression of proinflammatory cytokines in the frontal cortex, occipital cortex, cerebellum, and basal ganglia and decreased expression in the hippocampus, parietal cortex, and brainstem compared with the saline-administered animals. No change was observed in the thalamus of the two groups of macaques. These findings are in keeping with the previous reports wherein morphine-administered rats exhibited neuroinflammation in the cortex [84, 85] , NAc [86] , ventral tegmental area [87] , and cerebellum [85] and decreased expression of proinflammatory cytokines in the rat hippocampus [88] and brain stem [86] . Interestingly, morphine-dependent animals exhibited increased proinflammatory cytokine expression in brain regions (frontal cortex, occipital cortex, cerebellum, and basal ganglia), where the ER stress-mediated defective autophagy was predominant. In contrast, decreased autophagy and decreased expression of proinflammatory cytokines were observed in the brain stem of morphine-dependent rhesus macaques compared with the saline group. These results are in agreement with the findings reported by other investigators showing morphine-mediated induction of autophagy in the rat brains [43, 52] .
In addition to increased activation of ER stress signaling and defective autophagy and upregulation of proinflammatory cytokines in the brain regions, such as frontal cortex, occipital cortex, cerebellum, and basal ganglia of morphine-dependent rhesus macaques, concomitantly, we also found increased expression of the astrocyte activation marker GFAP, in the same brain regions. There was dampened astrocyte activation in the brain stem of morphine-dependent rhesus macaques compared with that of saline. Intriguingly, in the morphinedependent macaques, the brain regions (parietal cortex, brainstem, and thalamus) that failed to exhibit increased autophagy and astrocytosis were also the regions involved in nociception, while, in contrast, the regions not associated with nociception demonstrated increased impairment of autophagy and increased astrocytosis. A possible explanation for this could be that in the nociceptive regions of the brain that harbor increased numbers of opioid receptors, morphine actually plays a protective role by dampening astrocytosis. Our findings are in agreement with those of Johnson et al., wherein the authors reported similar regional effects of morphine with increased astrocytosis in brain areas unrelated to nociception [87] .
In summary, our findings have demonstrated that morphine induces ER stress-mediated defective autophagy, which in turn, leads to astrocytosis and neuroinflammation via the MOR. The present study for the first time showed brain region-specific effects of chronic morphine administration in rhesus macaques. In line with our in vitro findings, the in vivo data also demonstrated the role of morphine-induced ER stress-mediated defective autophagy in astrocyte activation and proinflammatory cytokines expression in the frontal cortex, occipital cortex, cerebellum, and basal ganglia region of macaque brains. This study has unraveled specific molecular pathways critical for morphine-induced astrocytosis, which, in the future, could be critical for the development of interventions aimed at abrogating morphine-mediated astrocyte activation. Findings from these studies could also inform the clinicians about the adverse cognitive effects of opioid, thereby limiting their use.
